and environmental protection [1] . The answer to potential threats is sustainable intensification, which means increasing yields by improving economic efficiency, limiting negative impact on the environment and caring for food quality. One of the elements of sustainable intensification is the use of natural fertilizers, which are a valuable source of nutrients for plants as they enrich the soil with humus and improve its physical, chemical and biological properties [2, 3] .
Almost all of the natural fertilizers produced in Poland are used on agricultural lands. In the 2015/2016 marketing year, 50 million tons of solid manure were applied to 3.1 million ha and 20.8 million cubic meters of liquid manure and slurry to 1.2 million ha [4] . Their use limits the mineral fertilization, but it also causes the emission of gaseous pollutants. Many strategies have been developed to reduce harmful gas emissions at all stages of manure management. The field application has been identified as a process where these emissions are relatively large, but quite easy to reduce [5] . The application of natural fertilizers causes not only harmful gas emission, but it is also the source of unpleasant odours -especially in the case of slurry [6] . Studies showed that long-term exposure to odours adversely affects the mood and behaviour of people. It was found that they may cause many ailments, such as insomnia, stress, apathy, irritability, depression, headache, cough, runny nose, cramps in the chest and allergic reactions [7, 8] . Odour emissions from their application is considered as more onerous for surroundings than from livestock housing [9, 10] . A confirmation of which is the large number of complaints on odour nuisance from natural fertilization [11] . This is especially noticeable in suburban areas where agricultural lands are transformed into residential and industrial areas [12] .
So far, the main direction of the modification and developing new methods and devices for the land application of natural fertilizers was the reduction of ammonia (NH 3 ) and nitrous oxide (N 2 O) emissions. These solutions primarily reduced the time of contact between natural fertilizers and air by their covering by soil shortly after application in the field or their application directly into the soil [13] [14] [15] [16] . Duncan at al. [13] noted that using shallow disk manure injection reduced NH 3 emissions by 92-98%. Whereas Pote and Meisinger [17] applied the manure below the soil surface using the 'Subsurfer' prototype and observed about 88% reduction of NH 3 emission. Also, the trailing hose method is a good practise to reduce ammonia emissions. Personne et al. [18] , Häni et al. [19] , and Döhler et al. [20] noted reduction ranging from 30 to 51% compared to the broadcast application. There are few studies about the impact of application methods of natural fertilizers on odour emissions, and the results are not unambiguous.
In Poland, the most popular is the surface land spread of slurry, mainly because of lower purchase and operating costs compared with other methods. Meeting the EU reduction levels of pollutant emissions into the atmosphere and the increase of environmental awareness results in the use of trailing hose applicators on a wider scale. This method is a compromise between slurry application costs and environmental effects and it may be obligatory in the future.
The aim of our study was to compare odour concentrations after pig slurry application using two different types of applicators: a trailing hose and a conventional splash-plate.
materials and methods
Odour measurements were carried out at a private farm in Szczytniki Czerniejewskie (Greater Poland Province) in March 2017 that included two experimental fields 180x24 m. The distance between them was 350 m (Fig. 1 ). The wind direction during test was parallel to the long side of the experimental fields, which minimize the mixing of air from both fields.
The experimental fields were in an area planed for maize. Pig slurry was applied on the surface of experimental fields using two different methods and devices. On field I it was trailing hose applicator (Zunhammer SKE 15, 5) . The distance between hoses was 0.3 m ( Fig. 2) .
On experimental field II the slurry was spread by a conventional splash-plate applicator (Joskin Modulo The odour emission decayed exponentially with time, so high rates of emission during the first few hours were observed. The sampling time was taken on the basis of published papers [21-23] and our own observations during a study on odour emissions from solid manure and biogas digestate land application [24, 25] . In most of the analysed studies there was no swine slurry odor evident at 6 h. Therefore, these measurements included 6 series in the following periods: immediately after application and 1, 2, 3, 4 and 5 hours after application.
The pig slurry came from the fully-slatted piggery. Its physicochemical parameters are presented in Table 1 .
Before air sampling for olfactometric analysis, selected parts of the experimental fields were covered. The chambers used for sampling air from surface sources were in accordance with the VDI 3880:2011 standard (Fig. 4 ).
The sampling time of one sample was 5 minutes. Odour samples were collected by a CSD30 sampler (ECOMA) to 8-l disposable Nalophan (PET) bags. This minimized the diffusion of pollutants from the bags into the air and thus change in the chemical composition of the sample between the collection and analysis was also limited. Then samples were transported to an olfactometric laboratory accredited by the PCA (Polish Centre for Accreditation) and located at the Based on the odour concentrations, their distributions in time were made. It was described by regression equations C o (t). The average odour concentration (C av ) was calculated using the equation below:
(1) …where: Potassium content 3.52% of dry matter The experimental fields, except sampling time, were uncovered, so it was assumed that the air exchange was the same for both experimental fields. Given this assumption, the differences in odour emissions, expressed in percentage, resulting from the slurry application methods are the same as differences in the odour concentrations on the experimental fields.
During the air sampling, the temperature and relative humidity of the air were also measured by the multifunctional Testo 435-4 measuring instrument (accuracy: 0.3ºC and 2%). Fig. 5 shows the surface of the experimental fields after slurry application. On field I, the slurry was applied in rows, while on field II it covered the whole surface evenly.
Results and Discussion
The values of the determined odour concentrations as well as the temperature and relative humidity of air during sampling are presented in Table 2 .
For three hours after the slurry application, a higher concentration of odours was observed on experimental field I, where a trailing hose applicator was used. The difference of odour concentration decreased from 56% (immediately after application) to 0% (3 hours after application). Later, the odour concentrations on two fields were relatively low and almost did not differ between each other. The largest decrease in odour concentration, by nearly 50% for both fields, was observed during the first hour after the slurry application. Similar results were noted by Feilberg et al. [26] , who found that the main odorous substances were released within the first 10-20 minutes after application. It was also observed by Hellstedt and Haapala [27] during measurement of odour concentration using a Nasal Ranger portable olfactometer after slurry spreading. They noted that 60 minutes after application, the relative odour concentration decreased to almost 0, while Parker et al. [23] measured odorous volatile organic compounds (VOC) emissions following surface broadcast application of slurry and they observed that VOC emission rates declined rapidly after land application, and were below levels of detection and near background levels within 4 to 8 h. Hanna et al. [22] compared odour concentrations on two fields at different times of the year: first after soybean cultivation and the second after maize cultivation. For application, they used a conventional splash-plate applicator. The odour concentration after slurry spreading ranged from 140 ou E ·m -3 to 1451 ou E ·m -3 for soybean stubble, and from 183 ou E ·m -3 to 1604 ou E ·m -3 for maize stubble.
Significantly lower values of odour concentrations 19-70 ou E ·m -3 , after slurry application using the same method, but on light soils, were given by Smith et al. Table 2 . Odour concentration, air temperature and relative humidity during study. [28] . Similar results were reported by Chen et al. [29] . They compared two methods: broadcast application and direct manure injection. The average odour concentrations right after manure application were 61 ou E ·m -3 and 44 ou E ·m -3 , respectively, but the air samples to odour measurement were collected without using the measurement chamber. Agnew et al. [5] in their studies measured the odour concentration after the surface spreading of slurry and the mean value was 641 ou E ·m -3 . In turn, Chen et al. [30] during their research used a trailing hose applicator on grasslands and the average odour concentration after slurry application amounted to 1094 ou E ·m -3 . Orzi et al. [31] analyzed odour concentration after slurry spreading and they noted values of 3404-4305 ou E ·m -3 . Very high concentrations of odours -39000 ou E ·m -3 were measured by Lau et al. [32] . The samples were collected at the time of slurry spreading. In the same work, the preliminary results indicated that with the sub-surface deposition system applicator odour emission rate was reduced by 8% to 38% compared to that of the conventional splash-plate applicator. The highest reduction in odour strength and odour emission rate was observed in the most offensive period after manure application. Figs 6 and 7 show the distribution of odour concentrations on experimental fields, which were described using exponential equations. The regression equations in 93% (for field I) and 83% (for field II) match the data obtained in the research.
The average value of odour concentration was calculated according to Equation (1) , which was 683 ou E ·m -3 for experimental field I (trailing hose applicator) and 522 ou E ·m -3 for experimental field II (conventional splash-plate applicator). Based on these values, it was determined that slurry application by the trailing hose applicator caused about 31% higher odour emissions than the conventional splash-plate applicator. The slurry spreading by conventional splashplate applicator creates small droplets of slurry, whose contact time with the air is longer than in the case of the trailing hose applicator. This may entail a sudden release of odours before the slurry falls to the ground. Moreover, covering the field with slurry on the entire surface may cause both the intensive release of odorants just after the application and faster percolating of slurry into the soil. After application by trailing hose applicator, the slurry stay on a field's surface in rows, which extends percolating time so that the odour may release over a longer period of time. Moseley et al. [33] did not observe differences in odour emissions between the trailing shoe applicator and slurry spreading. Agnew et al. [5] noticed that replacing slurry spreading by the slurry incorporation to the soil caused a 12% reduction in odour emissions. Hanna et al. [22] compared the conventional pig slurry spreading with five techniques of slurry incorporation. They observed that slurry incorporation techniques reduced odour emission by 20 to 90% depending on the technique, compared to slurry spreading. They also noted that the odour concentration quickly decreased in time. Often already in the day of application it did not differ from the odour concentration on the non-fertilized field. Riva et al. [34] measured odour emissions after the application of digestate by two methods: broadcast and injection application. They observed a 13.4% odour emission reduction during digestate fertilization by injection. The same two methods of application were compared by Orzi et al. [31] , who noted that switching from surface to injection methods led to the reduction of odour impact by 50-74%.
Conclusions
The results of the pilot study showed that using a trailing hose applicator resulted in 31% higher odour emissions than slurry spread by a conventional splashplate applicator. The biggest differences between odour concentrations appeared immediately after application (56%) and decreased to almost 0% (3 hours after application). The largest decrease in odour concentration -by nearly 50% for both fields -was observed during the first hour after the slurry application.
In order to complete the odour evaluation of these methods of slurry application, it was also necessary to measure concentrations and emissions of odours during application -before the natural fertilizer fell to the field. Research on methods of manure and slurry application should be continued, but during the multi-criteria tests in order to provide comprehensive assessment of the tested technique. Such studies should include many aspects, for example: quality of fertilizing, ammonia emission, GHG emission, the release of odours, economic efficiency and influencing factors like the season, soil type, land use and type of natural fertilizer. It appears that surface slurry applicators that do not directly incorporate the manure are not as effective at reducing off-ending odours. So taking into account environmental and agronomical benefits, future studies should focus on direct injection or rapid incorporation, which seem to be effective practices for mitigating odour emission.
